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ABSTRACT

In order to obtaln complete up-to~date knowledge of the work accompllshed
and presently being done on the effects of translent nuclear rodlation on micro~
electronics, a survey of the laboratories Investigating this subject was conducted.
Telephone contacts were made with specific Individuals In 53 different laboratories.
Data wers obtalned by means of questionnalres, reports, and personal visits.
Abstracts of each document or other data source are Included in the report. The
abstracts describe the devices tested and the test environment, the type of dosimetry
used, the general results obtained, and provide other relevant information. Sum-
marles of fallure levels are given in the abstracts whenever the information was
readily available. A tabulated summary of the devices tested and the test conditions
Is presented. Fallure levels observed by different investigators are compared for a
few duplicated devices. Nine classified abstracts are contained in a supplement
to the main report.
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ABBREVIATIONS AND SYMBOLS

The abbreviations and symbols used In this report are defined as follows:

BVero Collector-base breakdown voltage, emitter open

BVCES Sustaining breakdown voltuge, collector-emitter

C Collector-base capacitance

DCTL Direct—coupled transistor logic

DTL Diode~transistor loglc

E Energy

ECL Emitter—coupled logic

EF Emitter follower

En Neutron energy

FET Field-effect transistor

Iy (lb) Base current

| C (lc) Collecter current

'CBO Collector-base leakage current, emitter open

lCEO Collecter~emitter leakage current, base open

I“ Collector-substrate leakage current

ID Drain current

| GSsS Gate-source leakage current, drain shorted

IR Diede Jeakage current

| R Output current

Meg Megohm

Mev Millien electron volts

MOS Metul oxide semlconductor

Q Capacltor qualify factor equal to reactance divided by leakage
resistance

R Roentgen

RCE External collector-emitter resistance

RTL Reslstor-transistor logic

SCR Stiicon=controlled rectifler
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ABBREVIATIONS AND SYMBOLS (Continued)

Secondary-emission monitor

Sandia Pulsed Reactor Facility

General Atomic pulsed thermal reactor
Transistor-transistor loglic

University of California, Los Angeles
Base-emitter voltage

Voltage applied to capacitor

Base~collector voltage

Diode voltage drop at some specified forward current
Input voltage for maximum output voltage

Input voltage for minimum output voltage
Collector~emitter voltage of saturated transistor

Emitter voltage necessary to produce output current, |
of 100 microamperes

Input impedance

Bremsstrahlung

tl

Electron source

Electron fluence

Electron volt

Peak transient power-supply—current
Common emitter direct~current gain
Common emitter small signal altemating—current gain
Peak primary photocurrent

Primary photocurrent

Secondary photocurrent

Thousand electron volts

Protons

Proton fluence

Nanosecond

ix
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ABBREVIATIONS AND SYMBOLS (Continued)

Neutron fluence

Neutron fluence

Energy deposited in carbon
Fall time

Rise time

Common emitter direct-current gain (hFE)

Common emitter small signal altemating~current gain (hf.)
Common emitter direct~current gain (hFE)

Common emitter direct=current gain (hFE)

Gamma-~may source

Total dose in roentgens

Bullt=in contact potential

Change in current



SECTION [
INTRODUCTION

In order to best determine the course of future funding for radiation effects
research on microelectronics, it was tirst desirable to define the present state of
knowledge on the subject. An attempt was made, therefore, to survey the varlous
companles and laboratories known to be Interested In or Investigating radlation
effects.

An Inltlal list was compiled of persons who had attended government and
IEEE conferences on radiation effects within the past 2 years. These people were
contacted by telephone to determine if they had done any radiation-effect work
on microcircults or microcircuit components. If they had done such work, the
classification of the work was determined and an attempt was made to obtain any
existing reports. References to other work were requested in order that the list of
confacts could be expanded to make it as complete as possible. When information
from a laboratory was determined to exist, one of three courses of action was taken
to obtain the information: (1) where reports existed and little or no activity was
currently taking place, an attempt was made to obtain the reports; (2) where a
large volume of work had been done or wes currently being done, a plant visit was
made by W. C. Bowman and/or R. S. Caldwell of The Boeing Company, accom-
panied by Paul Richards of the Rome Air Development Center; and (3) when
reports did not exist and a plant visit was not practical, a questionnaire was sent
to obtain sufficlent Information for the survey.

Two factors detract from the completeness of this report: First, It was
Iimpossible to gain access to a company's proprietary information. Second, some
reports were not recelved In time to be Included In the survey. In addition, there
Is always the possibility that some work has been overlooked. Consldering these
factors, it Is estimated that the survey covers approximately 95 percent of the
radlation-effect work accomplished at the time of this writing. Table [ [ists the
companies and laboratorles contacted, Indlcates the method of data collection
used, and cites pertinent comments on current and future work.
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SECTION II

PERSPECTIVE

The principal reasons for conducting radiation-effect studies on microelec—
tronics are to determine the system vulnerability and to develop hardened systems.
As a result most of the radiation—effect data that exist on microcircuits have been
obtained for particular systems; morsover, most of the data pertains to the behavior
of particular microcircuits and may be termed "piece-part" data. These data were
then used to estimate system responses. Results on these piece-parts may also be
used to select circuits on the basis of minimum radiation response.

A second class of data, which exists in much less abundance, has long-range
significance. This may be termed "basic studies” data, These data give greater
insight into the response mechanisms and provide the circuit designer with the
necessary information to design harder circuits.

Testing has been done that simulates three types of radiation environments
lonizing radiation, neutron radiation, and steady=-state ionizing radlation. The
first radiation environment, the ionizing radiation pulse from a nuclear weapon,
has been simulated with flash X rays, Iinear-accelerator, electrons, and
bremsstrahlung generated by electrons. The dosimetry was measured in almost as
many different ways as there were laboratorles performing the measurement but
resulted In a measurement of either the exposure (in roentgens) or the absorbed
dose (in rads). The majority of experimenters preferred to measure absorbed dose
because the results can be interpreted independently of the radiation environment,
which is not possible when only exposure information is given. A danger exists,
however, in using absorbed dose information, since it cannot always be measured
accurately for a given device due to the proximity of foreign construction materials
of different atomic numbers.

The second radiation environment, neutrons, was simulated with reactors
or by photoneutrons generated from a linear-accelerator beam. The dosimetry was
performed using foll activation techniques and generally was reported as a fast flux,
which usually included neutrons with energies above the plutonium activation thresh-
old of 10 kev, For well-moderated reactors, where the thermal and low-energy
neutron damage cannot be ignored, lower limits on the energy threshold are used.
These differences must be considered when data from different sources are compared.

The third radlation environment used was steady-state fonizing radiation,
which was simulated with Co®0 sources and standard X-ray machines. The exposure
or the absorbed dose for Co®0 was usually calculated from the activity level and
exposure time based on a known geometry. The exposure from the standard X-ray
machines was measured using film and thermoluminescence dosimetry techniques.



Plece-part measurements derived from the fonizing radiation pulse Include
transient response at the outputs of the circuit and transient current surges In the
power supplies. The circuits were tested with no input or output loads, with
resistive loads, with clrcuit loading, and with simulated circult loading. In every
case the response was related to the logic family requirements, If any, to determine
the radlation level at which fallure occurs. 1t Is possible for permanent damage to
occur during this type of Imadlation from bulk damage, surface effects, or bumout
as a result of a "latchup" condition that causes large currents to flow In the cir-
cult for prolonged perlods of time, Usually the absorbed dose In these tests is small
compared to the level required to cause significant permanent damage. In a few
cases, however, "latchup" has been reported that caused permanent fatlures.
Transient response varied greatly between each type of aircult, both as to amplitude
and pulse shape, The general trend was for the amplitude to increase roughly
linearly with radiation level until circult saturation was reached. In most cases
logic failure occurred far in advance of the saturation point. Flip~flops will change
state at the saturation radiation levels if they are not previously In the state normally
existing when power is first applled. Most circuits are dose dependent for pulses
less than 0., T-microsecond wide and become rate dependent as pulse widths become
much greater than this, depending on the effective carrier lifetimes in the circuit
material. The outputs of all circuits are at low voltage levels during the Irradiation
if the radiation level is sufficiently high; however, some DTL and TTL circuits
experience an increase in the output voltage level during irradiation at moderate
radiation levels. Thelr output voltage level during irradiation falls again as the
radiation level increases.

Circuit measurements mude in a neutron environment include logic level
voltages and switching times. The resulis are consistent with transistor gain degrada-
tion in that they show a marked increase In the low-level output voltage after some
threshold fluence has been reached. This rise in the O-logic level Is accompanied
by an Increase in rise and fall times, which can also be atfributed to the transistor
gain degradation. Most electrical tests were performed remotely without removing
the circuits from the site of their irradiation and used a typical gate-loading con-
figuration. Frequently the loading circuits were also inadiated. There Is no
evidence that Integrated circults differ from their equivalent discrete component
circults In their behavior in a neutron environment.

Measurements of circuit behavior In steady-state ionizing radiation ylelded
results simitlar to those obtained in a neutron environment,

Basic studles were usually performed on circult components and consisted
primarily of date taken In lonizing radiation. Transient measurements Include
primary photocurrents across junctions, secondary photocurrents in transistors, and
radlation-induced shunt resistance across resistors. Models have been developed
to account for the presence of substrates on the radiation response of monolithic
Integrated circuits. These models have been used to predict circult response. The
results indicate that the presence of a substrate junction reduces the base~collector
primary photocurrent and therefore the resultant secondary photocurrent. The

9



substrate photocurrent, however, now appears to be the mode of fallure, manifesting
the same behavior as If the hansistor itself were conducting. The subshate current
has a similar effect on resistors, providing an altemate path for current flow around
the resistor. Steady-state measurements on microcircult transistors show effects on
gain, leakage current, and junction breakdown potential that are similar to those
observed on standard planar transistors.

Predictions are moderately successful. The amplitude of the clrcult response
can be predicted within the experimental error of measurement and reproducibility
of the response for similar circuits, The failure to correctly predict the long storage
times seen in some circuits indicates some refinement is needed in the models used,
however,

Many workers agree that obtaining piece-part data has been over—emphasized
to date and that more effort should be placed on basic studies. The primary argument
Is that manufacturers' modifications of circuit design and construction often invalidate
previous data on the response of the circuit to radiation. Historically, however,
elecirlcal improvements of circuits have resulted in improved radiation tolerance;
that is, successive generations of smaller, faster circuits and components have been
harder than the old, larger, slower generations. The bellef now is that the techno~
logical limits are near and, unless a major breakthrough occurs in the technology,
very little still remains to be gained in radiation hardness using these approaches.
Perhaps a factor of 10, more or less, can be achieved in hardening through the use
of oxide Isolation, compatible thin~fiim resistors, and fabrication techniques such
as those that eliminate the substrate junction. This remains to be proved, however,
and such proof Is currently being sought. A more promising technique for hardening
Is the use of Ingenious circuit design explolting difference circuitry, perhaps, and
techniques that compensate for the radiation-induced photocurrents. [t may well
be that the monolithic Integrated circuit construction will be amenable to clever
design schemes for compensation by using the currents in the parasitic junctions.
Cerfainly more consideration will have to be given to the radiation problem in the
design of circuits if fallure levels much beyond the present levels are to be resched.

10



SECTION I
SUMMARY

All the circuits and components that have been tested and described in the
abstracts contained in this report are summarized in tables |1, 1il, and IV. These
tables list, respectively, the devices tested with pulsed ionizing radiation, neutron
radiation, and steady-state ionizing radiation, and summarize the information on the
various testing conditions used. The tables also list the maximum radiation levels
attained but do not attempt to indicate the failure thresholds observed. Information
on failure thresholds is given in the abstracts that are referenced in the tables.

Considering the relatively large mass of data presented, it is somewhat sur-
prising to observe that there are very few duplications of the devices tested by the
various laboratories, Test results on duplicate devices are compared in table V.

The comparisons show fair agreement considering the obvious differences in dosimetry

units and also the possible differences in individual devices having the same type
number, -
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Table V. Comparison of Data Obtained by Different Workers

Device Radiation Fallure Level Abstract No.
Pulsed lonizing Radiation
Falrchild pL902 2.3 x 108 rad/sec 8
uL902 2 x 10/ R/sec 23
Falrchild pL903 2 to 3 x 108 rud/sec 8
pL903 <108 R/sec yA]
Signetics SE102G 40 rads (0.2 psec) 8
SE102K 100 roentgens (1. O psec) 23
Texxas Instruments SN510 3 to 3.6 rads (0. 2 psec) 8
SN510 0.4 or 6 roentgens (1.0 psec) y <}
Neutron Radiation
Texas Instruments SN510 104 n/c:m2 (E, > 10 kev) 8
SN510 | 1.8x 101 n/em? (E, > 0.4 ov) 13
SN510 3.5x 1012 n/em? (E, >3 Mev) p)




)

SECTION IV
ABSTRACTS

This section presents a series of 34 abstracts of unclassified documents or of
dafa supplied through private communications. Some of these abstracts have baen
taken directly from the Battelle Radiation Effects Information Center file of abstracts
and have been so identified.

A classified supplement, which appears under separate cover, contains
similar information taken from nine classified documents.
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ABSTRACT 13 AMERICAN BOSCH-ARMA CORPORATION

Laboratory Study of the Neutron Radiation Effects on Microcircult
Digital Gates, DS-64-R371-44, June 1964

Author: Bemard Gaines

The Sylvania SNG=3, TTL, NAND gate was irradiated at the General
Atomic TRIGA Reactor with fluences up to 3 x 10]4 n/cm2 (En > 10 kev). Dosim-
etry was performed by General Atomic using activation folls. Electrical measure-
ments were made of the grounded emitter | C versus VCE characteristics, propaga-
tion delay, input load current (@ measure of the resistor value), input leakage
current, "on" level of the output transistor (a measure of saturation voltage), and
I, versus V, (a measure of the input voltage required to produce a 100-microampere

collector current at the output, which is a measure of noise immunity).

No effect was measured on the resistors. Although the transistor gain had
degraded appreclably (figure 1), the increase of the "on" level voltage from 0. 28
to 0.35 volt over the last decade of fluence was still insufficient to cause fallure
(0. 40 volt).

80 Smmmzf §— m|

» fN

— N
. :f 3 4_\,\‘

Y 4 :# ——f) \\
© GATE NO. 4 OUTPUT TRANS|STOR

1 D GATE NO, 5 OUTPUT TRANSISTOR
& GATE NO. 6 OUTPUT TRANSISTOR
O GATE NO. 6 INPUT TRANSISTOR

L
0 4
0 ‘oll mu 103 ‘ou ‘ols

NEUTRON FLUENCE (N/CM?)
Figure 1. Transistor gain degradation under neutron irradiation
for Sylvania SNG3 gate.
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ABSTRACT 21 AUTONETICS

Translent Radlation Effects on Common Microelectronic Resistor
Types, presented at IEEE%TGNS Special Toc’FnIoal Conference on

vclear Radiation Effects, Seattle, Washington, July 20-23, 1964

Authorst T. C. Getten, E. M. Coffin, E. E. Griffin, Jr., and
A. S. Hoffman

A number of commercially avallable microcircult resistors (Signetics PF840T
and PF861T; Fairchild pER-1 and KRAA) and some custom-made Autonetics resis—
tors were irradiated using a Fleld Emission Corporation 600-kilovolt flash X-ray
machine. The beam was filtered by 64 mils of copper; 1.02 rads were deposited at
a rate of 0.8 x 107 rad/sec for 0. 12 microseconds during each irradiation. The
dosimetry was performed by measuring the high-energy portion of the radiation spec-
trum using dental film and absorption techniques to filter out low—energy X rays.

The film was calibrated using a 100-millicurie Cs]37 source. The absorbed dose

was then calculated assuming a Bouchard-type spectrum.

The noncommercial resistors testad were made by Autonetics in their
Geographically Centglized Microelectronic Laboratory (GCML). Included in the
tests were a diffused-silicon integrated—circult resistor, polycrystalline-substrate
semiconductor inteprated-circult resistors, nichrome thin=film resistors on a glass
substrate, and a noble-metal /ceramic printed matrix on a ceramic substrate (CPC).

The photocurrent through the resistors was measured as a function of the bias
voltage across the resistors. (The test clrcult Is shown In figure 2.) The results were
Interpreted to be In agreement with those expected from the transistor action
because of the substrutes present. The transistor-like nature of the parasitics due
to construction of the Integrated-circuit resistor is shown in figures 3 and 4, view
(A). Figure 4, view (B), shows the equivalent circult under Imadiation exclusive
of the transistor photocurrents. Typical results appear in figures 5 and 6.



on TE:T TWO-STAGE fosciLlo-
LOAD | RESISTOR SCOPE INSTRUMENT
-N- ‘_ GROUND
K 2
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GROUND —JLow
RADIATION BEAM — GROUND_\} 110v
BATTERY GROUND
Figure 2. Test circuit.
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e EXTERNAL RESISTOR TERMINALS s> RESISTOR
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\ ON OPERATION w

BIAS CONDITIONS IN NORMAL OPERATION

Figure 3. Generalized equivalent circuit of a diffused resistor.

SUBSTRATE
FLOATING FLOATING ©
R
°
(A) NO IRRADIATION (8) UNDER IRRADIATION A PHOTO-
CURRENT WILL FLOW IN THE
FORWARD DIRECTION

Figure 4. Simplified equivalent clreuit (substrate grounded).
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Figure 5. Photocurrent versus blas voltage for Falrchild resistors pER-1.
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-30 ~20 -10 0 +10 +20 +30

BIAS YOLTAGE (VOLTS)
Figure 6. Peck photocurrent versus blas voltage for thin-film and CPC resistors.
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ABSTRACT 31 AUTONETICS

Final Test Report on N17 Parts TRIGA Test Program, March 1964

A number of integrated circuits were Irradiated to a total dose of approxi-
mately 3.5 x 10]2 nvt (En > 10 kev) at the General Atomic advanced TRIGA proto-
type reactor, Circulis studied were Tl mode 1 general purpose amplifier (GPA),

Tl mode 2 GPA, Tl mode 3 GPA, standard chopper, Tl driver switch, and RCA

power switch, The results for the GPA circults are summarized as followst

GPA z Differential Input Common Mode
Circuit Gailn in Voltage Offset Qutput Voltage Offset
Mode 1 |1 20% D: 50% D D
Mode 2 D: 40% D: 40% C D
Mode 3 — D: 40% C D
Mode 4 D: 15% D: 35% C D

C = Constant D = Decreased | = Increased

The chopper showed no significant effects to a total dose of 3.4 x 10]2 nvt.

Similarly the driver switch showed no significant effects to 3 x 1012 nvt. The power
switch | CEO showed no effects up to a total dose of approximately 3 x 10]2 nvt.

Vg AT increased approximately 10 percent and beta decreased approximately 50 per—
cent at IC = 50 milliamperes and about 35 to 40 percent at IC = 2, 0 amperes for an

integrated neutron flux of 3 x ]0]2 nvt.

Loading for the circuits was resistive and all tests were dynamic. Temper-

atures during the experiment were not specified.
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ABSTRACT 42 BATTELLE MEMORIAL INSTITUTE

"Effects of Nuclear Radlstion In Microcircults, " paper presented
at the Natlonal Electronlcs Conference, Chicago, 1llinols,

October 19, 1964
Authoss R. B. Sorkin and D. J. Hamman

This report reviews the available data on the effects of nuclear radlation on
silicon microcircuits., The scope is confined tc permanent effects, as these effects
are also more amenable to a component-by-component discussion. Displacement
effects introduced by high~energy particles (electrons, protons, neutrons, and
alpha particles) and te a lesser extent electromagnetic radiation (gamma and X rays)

are discused.



ABSTRACT 5: BELL TELEPHONE LABORATORIES, INC.

"Surface Effects of Radlation on Transistors, " IEEE Transactions on
Nuclear Sclence, Volume NS-10, No. 5, 35, November 1963

Authort R. R. Blair

The transistors tested included two Integrated circuit transistorst Falrchild
Type F and Texas Instruments SN310. The collector-base reverse current, lceor
and the current gain were measured as a function of absorbed dose from a
o source. The dosimetry was calculated from the irmadiation time and @ mapping

of the environment.

Most of the effects can be qualitatively explained through the use of a
simple model of the process: radiation lonizes the encapsulating gas, and the
resulting fons and electrons are directed to transistor surfaces by electric flelds
existing at the junction surfaces and between the transistor and its can. Inversion
layers are produced at the surface that grossly change certain transistor parameters,
The great variability among devices of the sume type suggests that the gases inter~
act with the surface by imparting charge~to-turface contaminants. Results indicate
that inversion layers on both collector and base are affecting lCBO’ while, as
would be expected, gain is altered principally by an inversion layer on the base.

The results varied between device types; typical behaviors are shown In
figure 7. Changes in the breakdown characteristic occurred at 1.3 x 108 rads.
A similar change had been noted In similar transistors when they were exposed to

1
1.7 x 10

has a mixed neutron-gamma environment.

3 fast neuh'v.'ms/cm2 at the Pennsylvania State Unlversity reactor, which
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Figure 7. Radlation response of lCBO and hf‘ of integrated
transistors of types 1 and 2.
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ABSTRACT 61 THE BENDIX CORPORATION

X~Ray Irradiation of Microcircult "NOR" Gate Active Elements,
May 14, 1964

Authorst D. Nelson and L. Laniewski

Three types of RTL NOR gates (Amelco G11-001, General Microelectronlcs
D412, and Raytheon RC103) were inudiated using a Siefert Isovolt 150-kilovolt
consfant-potential X-ray machine.

The circults were passive through the initial 1.8 x 107 R of exposure, then ,
3 volts were applied to the circuits. Three units were operated in a saturated mode
while three units were operated cut off until a total exposure of 3.7 x 107 R had
accumulated. The exposure rate was 4 x 105R/hr. The dosimetry was by means of
film and themoluminescent dosimeters. During the irradiation, hfo (at IC =
2. 5 milliamperes) and VSAT (IC =1, lB = 0, 1 milliampere) were monitored on the
circuit transistors and compared with unexposed samples. In addition, the junction
breakdown voltage and leakage currents were measured before and after the imadi~
ation. The significant changes that occur in the breakdown voltage as a result of
imadiation are shown in fable V1. Variations in gain during imadiation were similar
for each circuit type. A typical data sample Is shown in figure 8.

Table VI. Collector-to~Base Breakdown Voltage
for X-ray Irradiated Devices

Unit No. Manufacturer BVCBO - lc Bl
Before X ray | After X ray | After 120°C Bake

1 Amelco 13. 5v 16. 6v Fatlure
2 Amelco 14. 2v 19. 6v *14.4v
5 General Microelectronics 12, 2v 16.7v 15. 6v
6 General Microelactronics 9. 5v 19. 9v *17.4v
9 Raytheon 26, 5v 39.5v 36. Sv

10 Raytheon 26, Ov 34, 5v *28. Ov

*These units were forward biased during the bake cycle.
50
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ABSTRACT 7: THE BOEING COMPANY

"Translent Radlation Effects In Semiconductor Integrated Clrcults, "
paper presented at IEEE National Winter Convention on Mllitary
Electronics, Los Angeles, Callfomla, February 1964

Authorst R. S. Caldwell and D. Nyberg

The tanstent responses of individua! transistors and capacitors used in the
Texas Instruments Serles 51 circuits were measured using the Boeing 480-kvp flash
X~ray machine. Doslmetry was based on measuring the exposure with air-
equivalent dosimeters and converting to absorbed dose in the sample using large
conversion factors determined both theoretically and experimentally. The radiation

pulse widths were 0. 2 microsecond.

The components tested were isolated electrically from the rest of the Inte—
grated circuit by scribing the evaporated aluminum leads at certain places and
attaching additional ball-bonded gold wire leads where necessary. Electrical
characteristics of the devices were checked after this isolation process to insure

that no damage had occurred fo the components.

A large delayed secondary photocurrent pulse (i’P) was observed in the
transistors (as shown in figure 9) when the p~region substrate was left fleating;
however, this current was drastically reduced both in magnitude and in time dura-
tion when the substrate was connected as In the nomal circuit (reveme blased).
These results and other measurements on these transistors of the primary photocur—
rents flowing at the varlous junctions indicated that the presence of the reverse—
blased substrate junction was actually reducing the transient signal that the
transistor would nommally exhibit by dralning off free carrlers that would otherwise
contribute to the primary photocurrent of the device. Such competition for the
avallable carriers would occur only If the substrate~collector junction were located
closer than a diffusion length to the base-collector junction. It was suggested that
this construction technique might be useful in reducing transient currents In "normal"”
transistors.
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Since capacitors In thess circults consist simply of reverse-biased p-n
junctions connected in parallel, it was considered probable that the transient
current pulse should be similar to junction photocurrents. The prompt portions
of these currents were expected to be dependent on some fractional power of the
applied voltage in the same way that capacitance varies with voltage; therefore,
the voltage dependences of the capacitor photocurrents were measured as was the
capacitance. As shown In figure 10, each quantity exhibited the sume one-third
power dependence as was expected, thus verifylng the predictability of hansient
responses in microcircult capacitors of this type and general size (100 to 200 pico-
farads).
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Figure 9.  Observed secondary photocurrents in SN511 transistor during 480kvp pulse at
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ABSTRACT 8:  THE BOEING COMPANY

Seminar and Microcircult Study, BSD-TR-64-171, September 1964

Authors: . W. C. Bowman, R. S. Caldwell, R. H. Dickhaut, et al.

This report Includes (1) a survey of clrcult responses to lonizing pulses of
radlation for 39 microcircults of the monolithic silicon type, (2) a study of neutron
degradation for 6 of these circults, and (3) predictions of the transient response of

6 clrcuits to lonlizing radiation.

In the survey the circuit response was measured as a function of dose rate
from 107 rad/sec to 4 x 107 rad/sec for both minimum and maximum fanout condi-
tions and, for some circuits, both output logic states. The radiation source used
was a 0. 2-microsecond pulse of 10-Mev electrons from the Boeing linear acceler~
ator. The primary photocurrent from a 2N2243 transistor was used as a secondary-
standard dosimetry monitor and was callbrated against glass rods. The roentgen-to-
rads (Si) ratio was calculated to be 0.91 for 10~-Mev electrons. The outputs of the
logic circuits were loaded with resistor~diode circuits that simulated the gate unlts
of each logic family. The inputs were loaded resistively to simulate a gate unit at
maximum fanout. The amplifiers were resistively loaded. A typical set of data
presented for each of the 39 circuits is shown in figure 11.

The fallure point for each circuit was determined by the amplitude of the
response necessary to switch the gate loading the output and by the radiation level
required to give that response. The loading gate was considered to have switched
when the midpoint of the transition region of the gate transfer characteristics was
reached. The transient failure criterion for the amplifiers was defined at the point
where the output signal was sufficient to drive the loading gate circult from ground
to the switching threshold.

The results are summarized In table VIl. Fallure levels have been glven
either for dose rates or for total doses. When the output reaches an equil tbrium

level below saturation and during the radlation pulse, the devices are listed as dose
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rate dependent. The time to reach equllibrium Is given In parentheses after the
maximum fanout failure dose rate for the gates. When no equilibrium level is
reached during the 0. 2-microsecond radiation pulse (below saturation), the devices
are [isted as dose dependent. The extended duration measurement refers to the
time required for the circuit to reach a stable state after the irradiation has ended.
The shape of the pulse during extended duration Is Inferred as Is Indicated by a
letter following the quoted time at 103 rads. These letter designations are defined
at the end of the table.

Six clrcults were studied for neutron degradation of their logic levels and
switching times. Generally, power was applied during irradiation, but for two
devices both powered and unpowered data were obtained. The circuits studied and
the results obtained are listed In table VIil. Typlcal graphs of the data presented

for each circuit are shown in figures 12 and 13.

The radiation source used was a photoneutron reaction In a uranium target
at the Boelng linear accelerator using 25-Mev electrons. The fluence was deter-
mined by actlvation of sulfur foils and relating this to a previous map of neutron
flux using fission and activation folls. Neutron fluence is related to the plutonium
threshold of 10 kev. The circuits were loaded In the same fashion as for the
transient tests. Fallure occurred when the low loglc level at the output degraded
to the point where it no longer satisfied the voltage requirement for that logic

state. Fallure was due to transistor gain degradation.

Predictions of the transient responses were made using a charge control
model for the transistor by combining the Beaufoy and Sparkes model and the Ebers
and Moll model. The transistor action of the base-collector-substrate regions was
Included in the circult schematic, which resulted in @ more complex clrcuit diagram
than is nomally published by the manufacturer. (An example of such a circult Is
shown In figure 14.) The primary photocurrents were measured at 108 rad/sec on
the Boeing 480-kv flash X-ray machine and extrapolated to higher rates for com-
parison with the |Inear-accelerator data from the survey. The resulting predictions,

although of varying degrees of success, Indicate that the mechanisms of fallure are
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Table VIII.

Neutron-Irradiated Microcircults

NomlmllT Suopl Fan- Fallure
Manufacturer | Designation Type Supply Sf:f 4 gnf Fluenge
(volts) us v (n/em<)
NOTE: Numbers in parentheses Indlcate particular clrcult.
Raytheon | RC103(1) | Gate  |+3 Powered 1.210'°
RCI03(2) |Gate [+3 Powered 1.6x10"°
Honeywell | MHM3001 (1) | Gate  [+3 Powered | 5 1x10"
Falrchild | il903(2) | Gate |43 Powered 1.6x10"
W903(3) |Gate [+3  [Powered 1.40"
Signetics | SE102(1) | Gate  [+4, -2 [Powered | 10 | 7.5x10™
SE102(2) |Gate |+, -2 |Powered | 10 | 7.5x10™
Motorola | MC304G (5) |Blas  |-5.4 |Unpowered | 25 [>1.5x10"
Driver
MC04G (6) [Blas  |-5.4 |Powered | 25 | 1.310"
Driver
MC304G (/) |Blas  |-5.4 |Powered | 25 | 1.5x10"
Driver
Texas SN510 (1) Flip-flop | +3 Unpowered | 4 104
SN510 (2) | Flip-flop |+3 Powered | 4 | 1.5x10™
SN510 (3) | Fiip-flop | +3 Powered | 4 | 10%
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Figure 14. Topological equivalent circuit for MHM3001,
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the shorting effect of the substrate current and the shunt currents developed across

the resistors. A typical prediction result caused by a 0. 2-microsecond radiation

pulse is shown In figure 15.
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Figure 15. Measured and predicted response for MHM3001
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ABSTRACT 9:  THE BOEING COMPANY

SABRE Radiation Effects Data Book, Boeing Document D2-90607,
November 25, 1964

Authors: W. E. Butts, L. L. Hunter, and H. W. Wicklein

This document contains radiation effects and electrical test data on com-
ponents and circuits used or proposed for the SABRE guidance system. It Is a source
book of data for determIning system vulnerability and for supporting hardening of

the system.

The transient radiation tests were performed at the Boeing |inear accelerator
using 10-Mev electrons. The dose rates used were between 2.5 x 105 and 3 x 1010
rad/sec with pulse lengths of 50 and 500 nanoseconds. The outputs of the circults
were |loaded generally in the same manner as they are in the system. Most integrated
circults were tested with two initial statlc states, "on" and "off. " Amplifiers were
tested In a single state.

Neutron Irradiation tests were made using photoneutrons from bombardment
of a thick y238 target by 25-Mev electrons from the Boeing |inear accelerator.
The parameters measured depended on the type of circult tested. For the logic
elements, logic states were measured with a simulated load applied. The output
levels of the amplifiers were monitored using a 1-millisecond Input pulse. Proper
loading was maintalned for the amplifiers. All circults were irradiated to a fluence
of 1x 101
after varlous neutron doses up to the maximum dose. All devices were irradiated
statically. Table IX lists the 30 circuits tested.

to 3x 107 n/ em2. A number of significant parameters were measured

An addendum to Boeing Document D2-90607 contains additional neutron
data that have been obtalned for the following circuits: SFF3A, SFF15, TNG3211,
XC201, pL931, pa702, and a Norden speclal differential omplifier.
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Table IX. Proposed SABRE System Components Tested

Microcireults Description Manufacturer
7900309/C1063 Logic element Signetics
7900309/WS268Q Logic element Westinghouse
7900310/C1050 Logic element Signetics
7900310/WS2469Q Logic element Westinghouse
7900311/C5051G Logic element Signetics
7900311/WS208Q Loglc element Westinghouse
7900312/C1052 Logic element Signetics
7900312/WS270Q Logic element Westinghouse
7900313/C1053G Logic element Signetics
7900313/WS271Q Loglc element Westinghouse
7900314/C1054 Logic element Signetics
7900314/WS272Q Logic element Westinghouse
7900315/WS130 Dual matching circult Westinghouse
7900316/WS131 D-A switch Westinghouse
7900317/WS8149 Diverter driver Westinghouse
7900319/C1055 Sense amplifier Signetics
7900320/C1073 Sense amplifier gate Signetics
7900322/SE160G Monostable multivibrator Signetics
7900324/WS133Q DRO bit driver Westinghouse
7900325/C1065G Diverter gate Signetics
7900326/WS135 Dual Darlington Westinghouse
SE101G Logic element Signetics
SE105G Logic element Signetics
SE124G Logic element Signetics
Cs701 Logic element Signetics
SNG5A Logic element Sylvania
113K3 Dual emitter chopper Sperry
FMC108 Schmitt trigger Falrchild
FMC110 Darlington differential amplifier Fairchild
FMCI11 Buffer differential amplifier Falrchild
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ABSTRACT 10: THE BOEING COMPANY

Predicting Translent Radlation Effects on Electronic Circuits, Final
Report on AFWL Contract AF 29(801) 6425, to be published about
June 1945

Authors: W. C. Bowman, R. S. Caldwell, D. Duncan, et al.

Four microcirculis were tested intensively at the Boeing [inear accelerator
with 10-Mev electrons. Dosimetry was based on glass rods. Dose rates rﬁnged from
8.3 x 'IO7 to 6.8 x 109 rad/sec (0. 2-microsecond pulse) on two thin-film hybrid
microcircuits (IRC HD 903 gate and Varo 8201 amplifier). The dose rate for the
two monolithic circults (Motorola MC356G gate and Fairchild uL900 buffer) was
3x 109 rad/sec. All circuits were loaded to a fanout of 1 by resistor-diode loads
simulating the load of a subsequent circult. Components were isolated and the
responses measured for each componant under.a variety of conditions. Output
responses were measured for each circult. Computer predictions conducted for

the output response for each of the circults are presented.

69



ABSTRACT 11:  BURROUGHS CORPORATION

"Effects of Nuclear Radlatlon on Integrated Clrcults Performance, "

paper presented to the jolnt meeting of the Philadelphla sectlons
of IEEE Groups on Rellabllity and Electron Devices, October 13,
1964

Authors: Francis T. Lynch and William F. Valitsk!

In the first group of experiments, the Falrchild ul914 was assumed to be typi-
cal of resistor-transistor logic (RTL) and was exposed to the steady-state neutron/
gamma flux of the Pennsylvania State Unliversity (PSU) nuclear reactor facllity.

The second group of experiments was performed at the Sandia pulsed reactor fac!lity
(SPRF) and included the Motorola MC306, which was assumed to be typical of the
emitter—coupled logic (ECL).

The dosimetry was performed using sulfur-activation techniques. At SPRF
the neutron flux was related to the 10-kev plutonium threshold using the value of
7. 2 for the p'utonium-to=sulfur ratio; at PSU the sulfur level was related to a
100-kev threshold using a measured neutron spectrum. To obtain integrated flux
numbers that would be the equivalent of the SPRF exposures, a correlation factor
of 1.5 was used. This factor is the ratio of the |ifetime damage constant at PSU
to that constant at SPRF on two identical batches of silicon planar transistors.

During irradiation the circuits were unpowered. The logic level voltages
were measured for groups of two or three circults removed at various dose levels.
A total of 15 ul914 and 21 MC306 circuits were exposed to various fluences up to
4.1x 10" n/cm? (E_>10 kev).

The results, which can be explained In tems of transistor galn degradation,
are shown in figure 16. The more pronounced change in RTL is due to the stronger
dependence of B on collector-emitter voltage when the transistors are in saturation

than when they are operating In their active region, as is true for ECL.
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Figure 16. ECL and RTL output voltage versus neutron exposure.
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ABSTRACT 12: BURROUGHS CORPORATION

Determination of Semi=Conductor Device Figure of Merit
(appendix), Report No. 4, Signal Corps Contract DA-36-03%9-
AML - 02366(E), Department of Amy Project (OST)
74~01-004-36, Final Report, July 1, 1964

Authors. F. Barsam, A, Long, and F. Lynch

In addition to a restatement of the permanent damage data presented in
"Effects of Nuclear Radiation on Integrated Circuits Performance, " by F. Lynch
and W. Valitski (Abstract 11), data are presented on the transient response of a
HL914 to 20 bursts of the SPRF reactor. The neutron fluence was measured by
sulfur activation and can be related to the spectrum above 10 kev by the previously
determined plutonium=to~sulfur ratio, 7.5. The absorbed dose in rads (C) was

calculated from the exposure dose measured using glass rods.

Figure 17 shows the test circuit used. The input and output currents and
voltages were measured and are tabulated. No failures were observed. Table X
confains the measured response of uL914 transient response at SPRF.

ﬂVCC

—QV
OV

OouT
OouT

Figure 17. Test circuit of dual two=-Input RTL gate.
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ABSTRACT 13: DOUGLAS AIRCRAFT COMPANY

Development of Radiation Resistant Digital Circults, Douglas
Report SM-45766, October 22, 1563

Author: B. J. Donaldson

A number of Texas Instruments Serfes 51 microcircuits were exposed to the
radiation environment of the UCLA training reactor facility. The dosimetry was
computed from a spectrum mapping done by UCLA using foil activation techniques.
The circults were Interconnected as shown in figure 18. Thelr output voltages and
switching times were monitored using Nuvistor cathode followers to drive the
60 feet of coaxlal cabie requind to reach the control room. The circults falled
between 1.8 x 10‘4 and 5 x 'IO n/cm (E > 0.4 ev) as shown in figures 19 and
20. The neufron flux was 7 x 10 n/cmz—sec and the gamma dose rate was esti-
mated to be 'IO rad/hr. The flip-flops were first to fail. The epicadmium fluence
Is used rather than that above the plutonium threshold because the UCLA reactor

spectrum Is heavily weighted at the lower neutron energies.
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Figure 19. Output voltage change versus integrated neutron flux
(SCIC three-input NAND gate).
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Figure 20. Bit loss versus integrated neutron flux (SCIC binary counter).
. MULTIPLY BY:
1. TOTAL NEUTRON FLUX 1. 000
2. THERMAL NEUTRON FLUX 0. 499
3. EPITHERMAL NEUTRON FLUX 0. 499
4. FAST NEUTRON FLUX (E >2.9MEV) 0.002 o 2
5. GAMMA-RAYDOSE " 1.42 X107 =1
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ABSTRACT 14: DOUGLAS AIRCRAFT COMPANY

"Neutron Damage to Integrated Circuits, " private communication,
October 1963

Author: Ahram Solimonian

An additional number of logic clrcults were irradiated in the UCLA tralning
reactor facility. The dosimetry was computed from a spectrum mapping done by
UCLA using foil activation techniques. The circuits were irradiated while operating
in a typical operating configuration. In some cases the output voltage and switch-
ing times were monitored using Nuvistor cathode followers to drive the 60 feet of
coaxial cable required to reach the control room. For the systems performing logic
functions, bit loss was monitored during Irradiation. This loss occurred sporadically
at lower levels, but eventually correct operation became impossible. The results
are plotted against total neutron fluence. Table XI| summarizes the circuits tested
and the total integrated neutron flux required to give the degradation indicated.
The thermal neutrons (energies less than 0.4 ev) represent 49.9 percent of the total
while the fast flux (energies above 2.9 Mev) represents 0. 2 percent of the total
flux. The gamma dose has also been estimated. The output voltage refers to the

logic swing rather than to a particular logic level.



Table XI.  Summary of Neut:on Damage

Total Integrated Neutron Flux (x 10]3)

Microcireult Manufacturer Oz’g‘,’/: VDZI:/:G (giof":':':”)
Binary Counter PSI 63 18
Delay Line Counter System | Signetics -— 138
SE100 Signetics >160 -—-
SE120 Signetics 110 -
Adder Subsystem Fairchild -— 82
pL "H" Fairchild 290 -
pL "B" Falrchild >400 -—
Counter System Sylvania -—- 420
MO0057 and M0043 Gate Sylvania ~ 500 -—
MC306G Motorola 120 -
Shift Register GE — 83
P324 and P325 GE 110 -
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ABSTRACT 15: GENERAL ATOMIC

Technlcal Summary Report Jan. 16, 1964 to Feb. 14, 1964
General Atomic Document GACD-5134 zcxcorpns, March 29,

1965

Authors: J. W. Harrity and R. A, Poll

Eighteen Texas Instruments, fourteen Westinghouse, and one General
Electric integrated microcircuits were tested in a |Inear-accelerator beam of 25-
to 30-Mev electrons. Radiation doses varled from 0.1 to 500 rads (Si), and pulse
widths varied from 0. 1 to 1 microsecond. Dose was monitored by integrating the

signal from a secondary-emission montitor.

Output voltages and currents were monitored as a function of dose. Thresh-
old radiation levels are reported for some of the types of circuits fested. The cir-

cuits include flip-flops, gates, switches, drivers, and amplifiers.

The Texas Instruments SN355 driver switch had about 20 amperes of current
flowing through the clrcult during the pulse. This current was iimited by a
0. 5-ohm resistor in the emitter lead of one of the output transistors to prevent bum-

out of the output transistors.

The flip=~flops will change state at radiation levels of about 10 rads (SI).
Higher doses saturate the flip-flops. Recovery Is to the state determined by

asymmetries In the circult.

"Latchup"* was observed in some of the general -purpose ampl ifiers. Those

that did not "latch up" exhibited long turnon times (tens of microseconds).

Two |evel -detector integrated circults were destroyed by radlation-induced

excess currents that caused burnout of an aluminum conductor strip.

The report consists of unclassified excerpts from report GACD-5134,

*Latchup is defined as sustained ionization-Iinduced current assumed to be caused
by coupling of adjacent components through the isolation layer.
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ABSTRACT 16:

GENERAL ATOMIC

Development of Radlatlon=-Resistant Computer Clrcultry, Ge: eral

Atomic Document GA-5460, July 27, 1964

Author: R. A, Poll

A number of Amerlcan Bosch-Amma circults consisting of word selector 1,

word selector 2, prime driver, micro A flip-flop, and micro B flip-flop were tested.
A Sylvania SFF2A flip-flop and a Texas Instruments SN530 flip-flop were also

included in the tests. The radiation source was a linear accelerator operating at

25 to 30 Mev with pulse lengths from 0.1 to 4.5 microseconds and providing total
doses from 0.1 to 12,000 rads (S1). Tables X1l and Xlll summarize these results.

The word selector 1, word selector 2, prime driver, micro A flip-flop, and

SFF2A flip-flop were also tested in a neutron environment at TRIGA. Reslstive

loads were used in the tests.

Table X1V summarizes the results.

Table X1l.  Summary of Power Supply Currents in Varlous Circuits
Circuit Dose Rate Current Saturation Dose
(ma)

Word selector 1 3.4x 108 rad (SI)/sec-'l 30
2.1 x 10° rad (5)/sec”] 90
12,600 rad (S1)/4. 2 psec 480

Word selector 2 | 2.6 x 10° rad (Si)/sec”! 1.7 | 2,000 rads (1)
1.1 10° rad (S1)/sec”] 6

Prime driver 50 rad (S1)/ sec:“'I 40 100 to 200 rads (S1)
70 rad (S1)/sec”! 250
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Table Xill. Summary of Clrcult Switching Levels
Clreult Dose to Cbango State Remarks
A flipflop 1490 rad (S1)/4. 2 psec Device saturates beyond this
total dose.
B flip—flop 10 rad (S51)/0.1 psec Circult malfunctioned.

SNS530 flip~flop

SFF2A flip~flop

7 x 106 rad (SI)/sec-]

1.2 10° rad (SN)/sec”!

Circult malfunctiors after
several pulses; does not
change to opposite state up

to 10° rad (S)/sec”".

Does not change to opposite
state up to 1.6 x 109 rad
(s1/sec”.

Table XIV. Summary of Permanent Demage Data

Inttial Degradation Dose

Clrcult (N1 Remarks

Word selector 1 3x 10‘3 Circult output degrades severely
beyond this dose.

Word selector 2 1x 1014 Circult output drops to 0 current
before 1015 nvt.

Prime driver 1x 10 Clrcult degrades rapldly beyond

14

1x10 " nvt.

Micro A flip-flop 1x 10“ Clreuit was not irradiated beyond

SFF2A fl1p-flop

3x 10]4 nvt; Increase In trigger
voltage at 3 x IO'I4 not indlcated;
hFE of transistors was dropping.

Operates nommally to 10"° n/cmz.
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ABSTRACT 17: GENERAL ATOMIC

Technical Summary Report Feb. 7, 1964 to May 6, 1964, General
Atomlc Document GACD~5584 (excerpts), March 29, 1965

Authors: J. W. Harrlty and R. A. Poll

Radlation-induced power supply currents during and after the radiation
pulse were measured In a |inear-accelerator beam operating at 25 to 30 Mev. The
pulse width varied from 0.1 to 4.5 microseconds, and the dose varied from 0.1 to
30, 000 rad (S1)/pulse. The circuits tested are |isted in table XV. Illustrations
in the report show excess transient currents versus radiation dose for a number of
the circults studied. Table XVI Is a summary of many of the circults and lists their
applied voltages, where avallable; the radiation thresholds; power supply currents
observed at 200 rads; and the direction of current flow in the microcircuit. An
attempt was made to determine the cause of the current for those integrated circuits
where the layouts were avallable. Several fallure mechanisms were tried to explain

the observed currents.
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Table XV.

Integrated Clrcults Tested

Description

Manufacturer

Equivalent No.

Demodulator chopper
Driver switch

Fltp-flop

Flip-flop

Loglc flip-flop
One-shot multivibrator

General -purpose ampl ifier,
General purpose ampl ifler,
General -purpose ampl ifler,
General -purpose ampl ifler,
General -purpose ampl ifier,

Input network
Level detector
Low-level switch

Low-level switch
Matrix switch

902 NAND gate
903 NAND gate
903 NAND gate
904 NAND gate
904 NAND gate

Output drivers (old model)
(circult No. 1)

Output driver (new model)
(clrcult No. 2)

Power switch

Read preampl ifier

Write switch

mode 1
mode 2
mode 1
mode 2
mode 4

Texas Instruments
Texas Instruments
Texas Instruments
Westinghouse
Motorola
Motorola

Texas Instruments
Texas Instruments
Waestinghouse
Westinghouse
Waestinghouse

Texas Instruments
Texas Instruments
Texas Instruments
Waestinghouse

Texas Instruments

Westinghouse
Westinghouse
Texas Instruments
Texas Instruments
Waestinghouse

Texas Instruments
Texas Instruments
Westinghouse

Texas Instruments
Texas Instruments

SN354
SN355
SN537
W2601

SN349
SN351
w914
w916
w917

SN343
SN336
SN340

SN348

W2602
W2603
SN341
SN347
W2604

SN346

wo21
SN342
SN345
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ABSTRACT 18t GENERAL ATOMIC

Technical Summary Report May 15, 1964 to July 28, 1964,
General Atomic Dacument GACD-5854, November 19, 19464

Authorst S, J. Black, J. W, Harrity, R. A, Poll, etal.

Translent power supply currents were investigated In a linear accelerutor
operating at 25 to 30 Mev. Puise widths were varled fram 0. 1 to 4.5 mlcroseconds
to obtaln doses ranging from 0. 1 to 10, 000 rad/pulse.

Schematic dlagrams, test circult diagrams, and plots of radiation-induced

current transients as a function of dose are given.

A number of integrated circuit resistors were also investigated; namely,
ACT LAB resistors having various resistances and a Signetics PF=-841T resistor.
In all the units studied, the response was a linear function of dose to approximately
1,000 rad. No differences between the photocurrents were observed under differ-
ent bias conditions. The apparent leveling off of radiation-induced signals at higher
dose rates is due to the longer pulse widths where the output signals are proportional
to the dose rate instead of 10 total dose. The longer pulse is required to obtaln a

higher dase level.

Table XVII lists the integrated circuits studied and gives radiation-induced
currents observed in the power supply leads,
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ABSTRACT 19¢ GENERAL ATOMIC

Statistical Tests on Electronic Components, General Atomic Docu-
ment GACD-6092, Januvary 23, 1965

Authorss L. Berry, S. Black, R. Denson, etal.

Statistical data on various components tested are presented In the form of
plots of the various currents and voltages measured. The dose Is delivered Ina
0. T-microsecond pulse from a linear accelerator. The energy used is not given,
but it Is presumed to be 25 to 30 Mev.

Three groups of 901 flip-flops were tested, one group manufactured by Texas
Instruments and two groups by Westinghouse. Three groups of 902 NAND gates were
tested, one group from Texas Instruments and two groups from Westinghouse. Three
groups of 908 write switches and one group of 909 matrix switches, all made by Texas
Instruments, were tested. One group of 919 demodulator choppers, one group of
921 power switches, and a group of polyintegrated circuits, all manufactured by
ACT Laboratory, were also tested.

Power supply surge currents and circuit output voltages are presented as a
function of total dose, rads (SI), for each device.

Thresholds for the various circuits occurred at 4.5 to 5. 5 rads for the Texas
Instruments 901 flip~flop, 3.2 to 8.7 rads for the Westinghouse 901 flip~flop, 0.2
to 0. 5 rads for the 908 write switches, and 3.5 to 6 rads for the output of the 919
demodulator chopper. No threshold data are available for the remaining circults,



ABSTRACT 20 HONEYWELL, INC,

"Mierocireults Survive Van Allen Belt," Aviation Week & Space
Technology 79, August 19, 1963, p. 10

This report states that semiconductor microcircuits produced by three different
manufacturers have demonstrated sufficient resistance to neutron irradlation to indi-
cate that they could operate for at least 100 years within or below the Inner Van
Allen belt If this type of radlation were the |imiting factor on their lives.

The Investigations centered on the parmanent effects of integrated neutron

fluxes up to 10° n/cm2.

Flve groups of circults were testeds four serles-connected Signetics SE100T
gates, four Fairchild "G" gates In fandem, two Texas Instruments SN514 gates In
series, and two dliscrete componeqat NAND gates. Five 2N708 transistors monttored
transistor beta degradation.

The circuits were tested in the University of Florida 10~kw water-cooled
cobalt reactor, which is capable of producing flux rates of 2 x 101! n/cmz/uc.
The circuits were exposed in increments to gradually increasing flux rates so that -
circuit responses could be monitored at different rates as well as at different inte—
grated doses.

The circults were exposed to an integrated dose of 1015 n/cmz, which
corresponds to the dose they would recelve in a continuous orbit of about 500 years
duration within the inner Van Allen belt (total dose per year would be 2,2 x 'IO"4
n/anz; about 3.6 x 10” 2
earth).

n/em” for 1 hour of exposure to a solar flare near the

At 2.8 x 101 n/em?, an Integrated dose that would be experfenced only
after about 100 years continuous exposure In the Van Allen belts, the output from
the Texms Instruments microcircult chaln dissppeared. At the end of the tests, the
Falrchild chain showed some deterioration In wave shape, which was reflected as
Increased asymmetry in the output waive shape. Nelther of the Signetics chalns
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(possibly because they used higher~speed transistors) nor the circults using discrete

components showed any deterioration.
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ABSTRACT 21: HONEYWELL, INC,

Nuclear Radiation Study of Digital Logic Circuits, Engineering
Test Report No. 8835, August 3, 1964

Authory G. E. Prow

Fourteen logic circults were imadiated in the University of Florida training
reactor. The devices tested weres two Honeywell D910617 DTL flip-flops, two
Honeywell D911272 DTL flip~-flops, one Signetics SE124K DTL flip~flop, one
Signetics SE150K DTL line driver, one Texas Instruments SN533 DCTL dual three-
input gate, one Motorola SC340 TTL eight-input gate, one Fairchild pC 108 TTL
dual four-input gate, two Sylvania SNG4 TTL dual three-input gates, and three
Falrchild pL900(B) DCTL buffers. Measurements were of logic level voltages and
switching times. No significant changes were observed to a fluence of 9.4 x 10]4

n/cm2 (2.3 x 1013 n/cm2 of En >3.0Mev)and 2.0 x 106R gamma rays.



ABSTRACT 22: HONEYWELL, INC.

Nuclear Radlation Study of Digital Integrated Circults, Test No. 2,
Engineering Test Report No. 8838, Memoranda dated December 22,
1964, and February 28, 1965

Author: G. E. Prow

A number of circuits and components wers irradiated in the University of
Florida training reactor. The circuilts included Texas Instruments SN1119 and
SN1118, Falrchild yC103 and uL?00, Signetics SE124K, and Honeywell ES1001.
Two transistors from Texas Instruments, SN1118 and ulL900, monitored hf.. The
significant. quantities measured were minimum 1-level output voltage and maximum
O-level output voltages, 0~ and 1-level threshold output voltages, rise time, fall
time, and propagation time. Rise and fall times were taken between 1- and 2-volt
levels. Propagation times were taken at the 50-percent level. Propagation times
degraded in the Texas Instruments SN1119 and Falrchild pC103 circuits. (The
propagation time was not monitored In the remalning circults.)

Degradation of noise immunity versus neutron dose for the Texas Insiruinents
SN1119 and Falrchild uC103 circuits is presented in the report, along with data

showing the degradation of hfe as a functlon of dose for the transistors used.

The Honeywell ES1001 failed before 3.5 x 1012 nvt and 2.5 x 103R, pre-
sumably due to SCR fallure. No fallures were observed in DTL and TTL clrcults
before 6.8 x 1013
bit rate of 20 killocycles and a 50-percent duty cycle. All of these neutron doses

nvt and 4.9 x 106R, as monitored by colncidence loglc at @

were for energles greater than 3 Mev (sulfur foll dosimetry was used).
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ABSTRACT 23: HUGHES AIRCRAFT COMPANY

Radlation Effects on Gulded Missile Electronic Equipment,
FR 63-17-173, July 15, 1983

Authors: J. E. Bell and R. W. Marshull

Several Integrated monolithic and thin-tlim circults were tested for their
response to translent lonizing radiation. Bremsstrahlung generated by a 10-Mev
electron beam from the Hughes research Iinear accelerator was used as the radlation
source. The integrated circuits tested included the Texas Instruments SN510 flip-
flop, the Falrchild mlcrologic flip-flop, the Fairchild microloglc gate, the
Signetics SE102K loglc gate, the Philco p7006 gate, an experimental Melpar
thin-flim bistable network, and an experimental Melpar thin-film 4-kilocycle

oscillutor clrcult.

The Texas Instruments SN510 flip-flop and SN514 dual logic gate were
also subjected to neutron dose radliation at the Sandia pulsed reactor facllity
(SPRF). Two SN510 flip-flops falled after @ combined integrated dose of
3.5x 1012 n/c:m2 (sulfur) and 1 x 104R gamma-ray exposure. Two SN514 cir-
cults were irradlated to a combined dose of 8.5 x 1012 n/ cm2 (sulfur) and
2.5x 104R of gamma rays. The tum-on voltage threshold increased from
0.47 to 0.72 volts during irradlation, while the output voltage decreased from
4.7 to 3.2 volts. Loaeding capabilities were not determined for elther of the

clreults.

Translent radiation switching thresholds for the SN510 flip-flop are

summarized below:

Minimum Gamma Exposure

Transistor Transistor Rate Required for Change
LL 12 In State (R/sec)
OFF ON 0.4 x 10%

ON OFF 6.0 x 108
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A Falrchild microloglc flip-flop was tested while operating at a 1. 2-mega-
cycle rate. At exposure rates greater than 2 x 107 R/sec, the flip-flop did not
operate properly. The Fairchild micrologic gate and the Signetics SE102K gate
were tested simultaneously at varlous transient radiation rates with the gates con-
nected in the nomally oft state. Output veltage was monitored during the tests.
The Fairchild gate was more sensitive than the Signetics gate. The threshold for
the Signetics gate was nearly equal to 108 R/sec. No loads were used in the
tests. The Philco u7006 gate response was about 20 percent lower than the
Signetics SE102K at 7.5 x 107 R/sec when they were biased in the "off" condition.

Two experimental circults were constructed, one from two bulk semicon-
ductor resistors (Falrchild uER-2) and a bulk semiconductor transistor (Fairchild
HET-1) with the Isolation diodes connected to ground, and the other from two
thin-fllm reslstors and a bulk semiconductor transistor (Fairchild pET-1) with the
Isolation diode floating. The transistors were In separate TO -5 cans, as were the
semiconductor resistors. The thin-film resistors were mounted on the top of the
TO -5 cans containing the semiconductor resistors. The transient response from
the bulk semiconductor circuit was 10 times that of the hybrid circult at
1x 108 R/sec. The transient response of the hybrid circult was increased 30 times
by groundirg the Isolation diode.

The thin-film bistable circult would not change state for exposure rates up
to 1 x 108 R/sec gamma rays with pulse lengths varying from 1 to 6 microseconds
10 to 101‘l R/sec. Other con-
figurations of the circult (loading, grounding outputs, etc.) were unstable.

and for electrons (6 Mev at 350 ma) up to about 10

Data were obtained for the 4-kllocycle osclllator while the osclllator was
In operation. The oscillator perlod was long compared to the |inear-accelerator

pulse. Fast- and slow-ordered amplitude responses were found to be rate dependent.

Thin-fiim and bulk semiconductor components were tested in the gamma-ray
pulse. Both shunt current and injected currents were an order of magnitude larger
for bulk semiconductor resistors. Thin-flim resistors had no measurable effects due

to transient radlation up to 1 x 108 R/sec. Thin-flim capacitors showed effects
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simllar to the thin~flim resistors, Capacitors were rated as to dleleciric leakage
during the radlation pulse, Zinc-sulfide dlelectrics exhibited the greatest amount
of current leakage, silicon-dioxide and stlicon-nitride dielecirics were leass leaky,
and ceramic materlals showed no measurable leakage. Metal-oxide semlconductor
(MOS) capacitors were tested, but no deflnite concluslons could be elicited from
the results.

Integrated circuit transistors were tested with and without the substrate

grounded. The results are summarized in table XVIIl.

Table XVIIl. Results of Integrated Circults Tested
Transistor No. 1 No. T | No. 2 | No. 6 [ No. 2 | No. 6
Type HET-1 pET-2 | PF8OIT | PFSOIT | PF8OOT | PF80OT
(ma) (ma) (ma) (ma) | (ma) (ma)
Substrate 0. 03 0. 04 0.025 | 0.03 0.32 0.09
not grounded
Substrate 0,32 0. 40 0. 14 0.12 0.42 0. 11
grounded
Ratio = Grounded 10.7 19 5.6 4 1.3 1.2
Ungrounded 1 1 1 ] 1 1

Some preliminary tests were made on field-effect transistors (FET), the
results of which Indlcated that some of the p-n junction planar types have transient
radiation responses at dose rutes as low as 1 x 106 R/sec. Thin-film, Insulated-

gate, FET's Indicate very little response ar cose rates up to 1 x 'IO8 R/sec.
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ABSTRACT 24: JOHNS HOPKINS UNIVERSITY APPLIED PHYSICS LABORATORY

"Evaluation of Texas Instruments Series 51 Integrated Clrcults
In a Co%0 Radiation Environment, " private communication,
Aprll 1965

Authors: R. Coopemmen end G. Wegner

The Applled Physics Laboratory has been evaluating Texas instruments
Series 51 integrated circuits for use In several satellltes by subjecting them to
Co60 gamma redlation. The circults were purchased from distribution stocks and
were Irradiated without prior burn=In; they Included four SN514A, two SN513A,

and two SN511A.

The integrated clrcults were soldered onto 1/16-Inch fiberglass printed
clrcult cards (two clrcults per card) and Irradiated at & dose rate of 7 x 104 reds/hr
under a static blas of +4 volts dc. At logerithmic time Intervals, the circults were
removed from the Co60 radlation and the following parameters were measured:

SN514A and SN513A Gates SN511A Flip-Flops
B, ¢ (ot 4 ke and 0.8 me) Clock-pulse sensitivity
Bpc (at 0. 8 ma) Preset-pulse sensitivity
lcp, ot 4 vde) b

Byces %

t Output logic voltages
;

V°ff for (von) max.

vo,n for (vof? min.

Up to an Integrated dose of 2.35 x 107 rads, only one fallure occurred.
this was an SN513A gate, which had leakege currents that were sufficlent at
1.32x 107 reds to drop the collector voltege below the V‘,ff specification and at
2.35 x 107 reds to saturate the gate. The leakage currents of this particular gate
at the end of the test were en order of magnitude greater than that found In eny
of the others. All other circults performed properly and easily met manufacturer's
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specifications. Throughout the tests the only significant changes noted were a rapid
fall In B and a large Increase in ICBO; operationally, from a eircult bullding-
block viewpolnt, there was no significant change. Preliminary data are avallable
that give the results of each measurement as a function of dose from 104 to

7
2.35 x 10° rads.



ABSTRACT 25: LING-TEMCO-VOUGHT

Radlation Effects on Thin-Film Microelectronics, ME-RD3R-2,
March 31, 1964

Author: John Vesecky

Varlous thin-fllm circult components were exposed to approximately 'IO16
fast neutrong/cm2 and 3 x 108R gamma rays at a temperature of 90°C In the General
Dynamics reactor at Fort Worth, Texas. Components irradiated included vacuum-
deposited thin-flim nichrome resistors; nichrome=-SIO dielectric capacitors on
soda-lIme glass using sputtered and etched tantalum for one electrode, anodized

tantalum for the dlelectric, and gold for the counter electrode.

Electrical measurements were made befure and after irradiation and
Included the resistance, Q at 1,000 cycles, and dielectric insulation resistance

where appropriate. Control resistors were also Included in the resistor tests.

The results for resistors show that as the resistance increases, the effect of
Irradiation Is greater. In the SIO capacitors, the capacitance changed a small
amount (mean change 1.3 percent), the Q Increased an average of 19 percent,
and the Insulation resistance increased an average of 65 percent. The results for
the anodized tantalum capacitors are erratic, because some of the capacitors were
defective to begin with. Regarding the anodized capacitors, it can be concluded
that with radlation the cepacitance Increases slightly, Q Increases, and the
insulation resistance drops slightly.
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ABSTRACT 26: LITTON SYSTEMS, INC,

Radlation Effects Upon Digital Integrated Circults and Support,
June 1964

Authorst  Alvin B, Kaufman and Harry R. Newhoff

The dual four-Input NAND/NOR gates (PHOENIX LINC) of various manu~
facturers and a number of milliwatt logic clrcults were exposed to 1.2 x 'IOI4 n/c:m2
(En > 10 kev) at the General Atomic Mark | reactor and to 108 R/sec at the Hughes
Alrcraft Company linear accelerator.

The logic levels and switching times of the circuits for various fanouts were

measured before and after the neutron test.

The neutron dosimetry was performed using foll activation techniques. The
circuits were shielded from themal neutrons by a cadmium shield. LINC circuit
fa.lures are summarized in table XIX; table XX lists the milliwatt loglc circuits
tested. In most of these circuits significant neutron damage was observed at =55°C,
but no effect was observed at +25°C and +125°C,

The transient tests were conducted with four similar circuits driving one
another serially (le., fanout 1). The first three outputs were monitored, The linear-
accelerator dosimetry was done using glass rods calibrated at a Coéo source, Toler—
ance of the LINC circuits to this lonizing radlation is also summarized In fable XIX.
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Table XIX. Summary of the Usablllty of LINC Circults

Manufacturer Permanent e Translent Sc;::ng;ry
[ Fanout=15 out=5 | Tolerance Enyironments
Unqualified
Falrchlld X X X Yes
Motorola X X F No
GME F X X Qualifled
‘ es
Qualifled
Sylvania F X X Yes
Philco F X F No
Signetics NT NT F No
Texas Instruments NT NT F No

Legend: X: Passed
F: Failed where fallure Is based on the criteria that (a) the output
level(s) was not within tolerance under the specified operational
condition (i, e., the output was below 0.5 volt) or (b) the translent
noise was of such a level that it exceeded the value necessary to
trigger another associated circuit of the same basic characteristics
(I. e., these units had greater than 0. 5-volt transient output),
NT: Net tested

Table XX, Milliwatt Logic Clrcults Tested

Manufacturer Clrcult
Fairchild Dual two—input type 910 milliwatt logic gate
Philco Single four-input type 911 milliwatt legic gate
Fairchild Type 913 milliwatt logic shift reglster
GME Type 913 milllwatt logic shift register
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ABSTRACT 28t LOCKHEED MISSILES AND SPACE COMPANY

“Radiation Tests of Falrchild Products, * privdate communication,
August 4, 1964

Author: J. W. Cecll

The Fairchild DT ul931 flip-flop wes irradiated with 20-nancsecond pulses
of 150-kev X rays at the Physics International flash X-ray facility. The state of
the flip-flop was not observed to have changed after any shot. Exposure rates

varied from 2.5 x 108 to 2x 109 R/sec.
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ABSTRACT 29: MOTOROLA

"Radiation Tolerance of Integrated Circults, “ Unpubiished
memorandum, March 18, 1964

Author: J. Flood

Seven Integrated circult test patterns contalning a transistor simllar to a
2N918 transistor and resistors from 1.7 to 5. 2 kilohms were irrediated In a gomma
source (Cow) to @ dose of 3.48 x 106R. Parameters measured were hFE at VCE =
5 volts and Ic =1 milltampers, lCBO at VCB- 20 volts, BVCBO at lc =
100 microamperes, resistance R at IR = 1 milllampere, collector substrate leckage
| at V_ =10 volts.

cs cs

The transistor hFE and ICBO changed significantly, as did 'cs’ The mean
increase in ICBO was 4.5 nanoamperes, and the mean decrease in nomal lzed
hFE was 0. 14, lCBO began degrading with irradiation, whereas hFE remained
constant fo approximately Z x lOsk before degradation began. Resistors all
Increased In resistance slightly. Collector-base breskdown voltages showed only
random fluctuations. Iy Increased approx imetely an order of magnitude during
the Irradiation.
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ABSTRACT 30: NASA-LANGLEY RESEARCH CENTER

"Experimental Investigation of Simulated Space Particulate
Radiation Effects on Microelectronics,” paper presented at the
Conference on Nuclear Radiation Effects, [ointly sponsored by
IEEE, the Professional and Technlcal Group on Nuclear Science,
and the Unlversity of Washington, Seattle, Washington,

July 20-23, 1964 (Battelle REIC Abstruct 25533)

Authorst E. Rind and F, R. Bryant

Space radlatien environments are briefly summarized. Proton Imadiation
data at 22, 40, 128, and 440 Mev are presented for typlcal microelecironic com-
ponents such as low-, medlum-, and high-frequency transistors and compared with
simliarly Imadlated discrete- and Integrated-circult types of microcomponents.
Damage tends to vary Inversely with energy. Integrated flux levels of approxi-
mately 10! pmi'ons/czm2 are needed before the radiation effects become iotice-
able. Integrated circults appear to be slightly more resistant to radiation, but
this finding may not be significant on a statlstical basis.
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ABSTRACT 311 NORTHROP-VENTURA

"Integreted Circult Experimentul Investigation," Interoffice com-
municution 2240/64-14

Authort  J, Raymond and E. Steele

A number of Westinghows, Falrchild, and Slgncﬂa lntognhd circults end
components were expased to radiation environments of up fo 5 x 108 R/sec at the
Northrop Ventura 600-kev flash X-ray machine and from 1012 1o 101° n/em 2 st
neutren fluences (En > 10 kev) at the Narthrop TRIGA reactor. The desimetry In
each case was related to previous mappings using a photodiode dosimeter at the
flash X=pry facllity and foll activation techniques at TRIGA,

In the flash X-ray experiments the fransient circuit disturbance was messured
by monitering the veliige hanslent at a critical clrcult node. High~Impedunce |
instrumentation was used to avold parasitic clrcult loading. The circulis wers
investigated staticaily (I.s., blased at a fixed operating point with no dynsmic
applied signal), The results are shown In tble XXI.

The responge of the SE115 Is 30-percent greater when jnfomnlly lended with
@ resistor thun when externily louded with « resistor; this tllustmtes the Imporiance

Table XXI. Flash X~uy Clrcult Response

Circult Output Turnon Change In Output Current
Legic | Output Volts for On and Off Ste

W2101 DTL dwal NAND/ | Off 50-75mv | 30 1 (0. 1 i neemal current)

NOR gate (Westingheuse)
SE115DTL dual NAND/ On S5my == (2 ma nexmal current)

NOR gate (Signetic)
"G" RTL gate (Fairchild) Off — 400 pa

On Small —

W2102 flip-flop

(Westinghouse) Similar to gate resporse (no
SE121T flip~flop (Signetics)| Off loglc change)
uL902 flip~Flop (Falrchild) | On
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of the substrate {unctien to the radiation respense,

Clrcults Investigated for permanent damage In the neutron environment
were a Fairchild "G" RTL gate, a Signetics 102K DTL NAND/NOR gate, and a
Signetics 124K flip-flop.

The unloaded operating characteristics were measured at room temperature
after each exposure. The range of total integrated neutron dose (greater than
10 kev) was from 1012 to 10‘5 n/cm2. In all cases circuit performance was sub-
stantially degraded at 1015 n/ cm2. The degree of degradation was dependent on
the sensitivity of the circult operation to transistor gain degradation.

Transistor and resistor elements obtalned from Signetics, simulating those
employed in the integrated circuit, were evaluated at the flash X-ray facility.
The substrate-collector and collector-base junction photocurrents were measured
Independently and then simultaneously for the transistor. At a constant-junction
reverse blas of 3 volts, the measured resporse to a pulse having a peak Intensity
of approximately 2 x 108 R/sec was as follows:

Peak observed primary photocurrent: 25 microamperes

Peak observed substrate photocurrent: 50 microomperes

Peak observed combined photocurrent: 50 microamperes

_These results imply that the substrate junction is closely coupled to the

collector-base junction.

The change In conductivity and peak photocurrent measured in a 12- and
a 20-kllohm integrated clicuit resistor element (Signetics Pre-Feb type PF 861T)
at a peak dose rate of 2 x 'IO6 R/sec and pulse width of 0.2 microsecond was:

20K Reslstor 15K r
Resistor change 64 ohms 40 ohms

Substrate photocurrent 65 microamperes 54 microamperes
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ABSTRACT 32: TEXAS INSTRUMENTS, INC.
Radiation Effects on Solid Circult Networks Serles 51, SP23-A43,
September 6, 1963 (Battelle REIC Abstract 24554)

A preliminary Investigation of the damaging effects of radlation on Texas
Instruments Solid Circult Networks Series 51 has been performed. The objectives
of the study are (1) to relate and compare the performance of SN511% to that of
comparable transistors and transistor circults and (2) to Interpret the data In temms
of a worst-case approximation for the useful |ifetimes in a space radiation environ-
ment. The experiments selected for the study were the following: (1) exposure
to 200-kev bremsstrahlung X rays, (2) irradiation by 6-Mev electrons, and (3)
bombardment by 22-Mev protons. Only a few samples were used In each experi-
ment, but the data are sufficlently consistent to justify the following Interpreta-
tions and conclusions. SN511's are no more sensitive to a radiation environment
than are simllar conventional circuits containing medium-speec transistors. The

mean particle fluxes to cause failure of the test samples were approximately
10'3 protony/cm? and 5.5 x 10'* electrony/cm?,
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ABSTRACT 33: U. S. ARMY ELECTRONICS LABORATORIES
Private communication, Aprll 1965

Authors: R. Farlee and E. T. Hunter

A flip-flop and an MECL three-input gate were tested at the Sandlia pulsed
reactor facility (SPRF) and the White Sands gamma-ray linear accelerator. Tran-
sient measurements were made during the radiation pulse. Output waveform was
monitored. The gate was driven by a square pulse 12. 5 microseconds wide, and
the flip-flop was triggersd by a clock pulse at 40 kilocycles per second. The
loads were 75-ohm cable-teminating resistors. Gemma radlation caused the
flip-flop to go on from both outputs. During radiation the gate was held at
~1.5 volts (the low state). The radiation levels attained were 6.5 x 106 R/sec
on the linear accelerator and 3 to 6 x 10’ R/sec plus 1013 nvt at SPRF. Dosimetry
was performed using sulfur foils and glass rods.
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ABSTRACT 34: U. S. NAVAL RADIOLOGICAL DEFENSE LABORATORY
Private communication, March 1965

Authors: C. Ramstedt and H. Zagorites

A number of Melpar thin-flim circults using thin—fiim transistors were
irradiated with Co60 gomma rays. The transistors were CdS n~channe! devices
with S1O insulators, aluminum gates, and nichrome electrodes. The circults were
potted In a silicon compound or In vacuum. Draln current and cutoff voltage were
monitored. Radlation levels were 1.6 x 105 and 106R. No effects were observed

at these exposure levels.
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try used, the general results obtained, and provide other relevant information.
Swmaries of failure lsvels ars given in the abstracts vhenever the information was
readily availadble., A tabulated sumary of the devices tested and the test condi-
tions is presented. Fallure levels observed by different investigators are compared
for s few duplicated devices. Nine classified abstracts are contained in a supple-
jment to the main report.
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IMPLICATION FOR FUTURE WORK
The work here reported has shown that the classical hy-

pothesis of tonotopic organisation in the primary auditory
cortex of the cat is untenable., This, together with be-
havioural work which has been carried cut on cats after
cortical ablations, suggests that frequency discrimination
may not be one of the major functions of the cortex. Two
new properties of auditory .cortical units have, however,
been observed: (a) the existence of ‘orientation units' which
respond to one particular sequence of frequencies, but not
to some other sequence and (b) the tendency of uaits to
change their response patterns with time, these changes
not being all of the same type,

In future work an attempt will be made to find, by apply-
ing appropriate stimuli, what kinds of temporal pattern, besides
those already discovered, can be uniquely recognized by indi-
vidual units, The possibility of clarsifying such units with
respect to their position in the cortex will also be examined,

Concomitantly we propose to study, where possible, the
response patterns of such units over long periods to see how
these response patterns vary with time, and whether it is
possible to 'train' units to give certain types of response, or
change their response in predictable ways by suitable choice

of stimuli,
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Expendable supplies and materials £300, 0, O,
Overhead costs £450, 0, O,
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